Mechanical dyssynchrony is a common phenomenon in patients with congestive heart failure, which usually identified by noninvasive cardiac imaging tools such as echocardiography. It demonstrates electromechanical delay in some regions of the failing heart which in turn contributes to further impairment of cardiac function. The diagnostic, therapeutic and prognostic values of mechanical dyssynchrony have been reported in a number of studies. Therefore, this review describes briefly the methods of measurement, but more importantly, explains the clinical implication of its assessment in heart failure related aspects including cardiac resynchronization therapy, functional mitral regurgitation, diastolic heart failure and mortality.
Introduction
Mechanical dyssynchrony describes the differences in the timing of contraction or relaxation between the left ventricular (LV) and right ventricular (RV) (interventricular dyssynchrony), or between different myocardial segments of the LV (intraventricular dyssynchrony). It is commonly observed in patients with congestive heart failure (CHF), which is caused by electromechanical delay in some regions of the failing heart and will result in further reduction of cardiac function. Its presence varies not only with the methodology of assessment, but also the characteristics of patients including the QRS duration, ejection fraction, loading condition, severity of coronary artery disease, and degree of LV hypertrophy or remodeling. Mechanical dyssynchrony has been suggested useful for exploration of disease mechanism, stratification of patient risk, selection of therapeutic modality, and prediction of prognosis in CHF population, in particular in those who are candidates of cardiac resynchronization therapy (CRT).
Assessment of Mechanical Dyssynchrony
The analysis of mechanical dyssynchrony by echocardiography has been widely adopted due to its advantages of being easily available, non-invasive, radiation free and rapid technological development. The techniques range from conventional M-mode and Doppler echocardiography to more advanced tissue Doppler imaging (TDI), three-dimensional (3D) echocardiography and two-dimensional speckle tracking imaging, and most recently, 3D speckle tracking imaging. The parameters of systolic dyssynchrony include those signify the dispersion of the time to peak ventricular contraction, as represented by the standard deviation or maximal delay among a certain amount of LV segments, and the difference between the LV and RV. The majority of them were derived from CRT trials with cutoff values to define dyssynchrony and therefore suggested by the American Society of Echocardiography in an expert consensus statement (Table 1) . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The assessment of diastolic dyssynchrony is similar to that of systolic dyssynchrony, in which the parameters calculate the dispersion of the time to ventricular relaxation, as referred to the standard deviation or maximal delay among a certain amount of LV segments. [11] [12] [13] [14] Of note, TDI velocity is almost the exclusive modality adopted for measurement, because of the discernable and consistent signal of early diastole (Table 1) .
Dyssynchrony and CRT
The compelling evidence from multicenter clinical trials has established CRT as the most promising therapeutic modality in heart failure management over the past decade. 15) CRT not only improves symptoms and cardiac function, but also reduces heart failure hospitalization and all-cause/cardiovascular mortality in patients with advanced CHF. However, it remains a major problem that non-responders of therapy are constantly observed in about one-third of patients receiving CRT, based on the current guidelines for patient selection in which the QRS duration ≥ 120 ms is regarded as the only marker of ventricular electromechanical delay. 16) 17) The presence of a prolonged QRS duration in CHF is associated with more advanced myocardial disease, more severe LV dysfunction, worse prognosis and higher all-cause mortality. 18) However, a prolonged QRS duration may not necessarily be equivalent to significant mechanical dyssynchrony, even in the form of left bundle branch block (LBBB). Fung et al. 19) observed that regional electrical conduction delay could be absent in CHF patients with LBBB. Using the 3D non-contact mapping electrograms, homogenous delay in LV the propagation of endocardial activation similar to that of normal subjects was found in some patients with typical LBBB, while typical delay in depolarization over the LV lateral or posterior wall was observed in others. In fact, the QRS duration on surface ECG is a rather inaccurate estimation of myocardial electrical activation which correlates poorly with the occurrence of systolic mechanical dyssynchrony. [20] [21] [22] The correction of cardiac electromechanical delay is suggested to be one of the major mechanisms for CRT benefits. Therefore, direct measurement of mechanical dyssynchrony by echocardiography has become clinically relevant in estimating the likelihood of response when ECG as a surrogate marker may fail. Over the last decade, a number of single-center studies have demonstrated that the lack of mechanical dyssynchrony assessed by noninvasive echocardiographic techniques is closely related to the lack of response in patients who received CRT. Nevertheless, those results were challenged by the Predictors of Response to CRT (PROSPECT) trial, the first multicenter trial in which no single echocardiographic measure of mechanical dyssynchrony could predict CRT responses with a good sensitivity and specificity. 23) However, there were a number of major limitations in the design and execution of the PROSPECT trial, which challenged the value of conducting a highly flawed study that is unable to address the crucial question of role of echocardiography in predicting CRT response, and the implication of reducing the amount of unnecessary device implantation. [24] [25] [26] [27] The inadequacies in patient selection, study site training, echocardiographic standard for data acquisition and analysis, the lack of training and experience in dyssynchrony assessment by the three echocardiographic corelaboratories, and consideration of other contributing factors may explain the unexpected findings of the trial. They include extensive myocardial scar, absence of contractile reserve, severe mitral regurgitation, high pulmonary pressure, poor LV lead position and suboptimal device programming.
16)28)29) Therefore, the PROSPECT trial shall not be regarded as the final conclusion about the inability of dyssynchrony assessment for predicting CRT response, but rather, dedicated training for knowledge and skill transfer cannot be overemphasized. Our recent study has confirmed the importance of systematic training to ensure the reproducibility of dyssynchrony analysis using TDI when comparing the reading between the "beginners" or the "graduates" of dyssynchrony training with the reference standard of the "experts". 30) A number of studies are conducted in the "post-PROS-PECT era" to examine the ability of mechanical dyssynchrony in predicting CRT responses. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Among them, a couple of studies were designed and conducted by the experienced centers in which shared protocol and standardized technique of dyssynchrony analysis could be ensured, as well as having a larger sample size with diversity of patients. Furthermore, hard endpoints over long-term follow up were selected, such as all-cause mortality and cardiovascular event. Mid-term LV reverse remodeling also frequently occurred as a primary endpoint in these trials, as its presence after CRT has been proved to correlate with improvement in clinical status and favorable long-term prognosis.
47)48) More importantly, multivariate regression models were built up by including other factors at baseline such as age, gender, etiology of heart failure, severity of mitral regurgitation, presence of atrial fibrillation, and LV lead position with mechanical dyssynchrony, to demonstrate its independent or incremental predictive value in predicting CRT response. [49] [50] [51] [52] [53] 
Dyssynchrony and Functional Mitral Regurgitation
Functional mitral regurgitation (FMR) as a result of the dilation of LV cavity and/or alteration of LV chamber geometry is frequently observed in patients with CHF, in particular those with LV systolic dysfunction. In a large study including more than 2000 patients with symptomatic LV systolic dysfunction and ejection fraction < 40%, FMR of any grade assessed by angiography was present in about 60% of the patients. 54) Another study investigated 1421 patients with LV ejection fraction ≤ 35%, using color Doppler echocardiography, there were moderate FMR in 30% of the patients and severe in 19%. 55) Although mitral valve leaflets, papillary muscles and chordae tendineae appear normal in structure by surgical inspection or echocardiographic examination in FMR, the leaflets fail to coapt properly. FMR, as a complication of LV dilation and systolic dysfunction, can further aggravate LV volumetric overload and exacerbate left atrial (LA) pressure and volume overload, which will set up a vicious cycle of LV remodeling. Several studies revealed that the presence of FMR in heart failure was an independent predictor of worse surviv-al. 54 )55) In addition, a dose-response relationship was observed that a 23% increased risk of death associated with the change from no FMR to mild FMR as well as the change from mild to moderate or severe FMR. 54) The basic mechanism of FMR is believed to be the mismatch between increased mitral leaflet tethering due to the outward displacement of papillary muscles and reduced closing force caused by LV systolic dysfunction. 56) Furthermore, multiple factors are suggested to be involved in the pathogenesis of this force imbalance, including LV remodeling, leaflet tenting, annular dilation and dysfunction, as well as mechanical dyssynchrony. Consequently, these changes lead to the deformation of the mitral valve apparatus and reduction in the coaptation area of the leaflets. In echocardiographic studies, intraventricular mechanical dyssynchrony was found to be an important contributor to FMR. First of all, LV systolic dyssynchrony reduces the efficiency of contraction, resulting in decreased closing forces which worsened reduced leaflet coaptation and increased valve tenting. Secondly, uncoordinated contraction of the LV segments adjacent to the papillary muscles may increase mitral leaflet tethering and cause mal-alignment of the leaflet scallops leading to incomplete closure. 57) Soyama et al. 58) showed in 32 patients with dilated cardiomyopathy that the presence of FMR correlated with a significant delay in mechanical activity between the LV segments supporting the lateral and medial papillary muscle, as assessed by the difference in the time to peak systolic myocardial strain.
Thirdly, LV mechanical dyssynchrony leads to changes in the mitral valve geometry and kinematics that may induce FMR. In animal models, a more widely opened mitral valve at enddiastole with delayed and dyssynchronous mitral valve closure was created by the RV apical pacing.
59) The dyssynchronous contraction of the LV basal segments, attributable to the loss of mitral annular contraction, increase in systolic annular area and presence of mitral leaflet tethering, may worsen mitral regurgitation. 60 ) Therefore, in a cross-sectional study which prospectively enrolled 136 CHF patients with LV ejection fraction < 50% and more than mild FMR, Liang et al. 61) included variables of mitral valve deformation, LV global and regional remodeling, LV contractility, mitral annular size and function, and LV mechanical dyssynchrony for multivariate logistic regression analysis. As a result, mitral valve tenting area and LV global dyssynchrony, measured by the standard deviation of the time to peak systolic velocity among the 12 LV segments (Ts-SD) by TDI, were independent determinants of significant FMR.
Data from multicenter CRT trials revealed 13-50% reduction in FMR during 6-to 12-month follow up after the device therapy. 56) Intriguingly, pre-pacing mechanical dyssynchrony was found to be one major determinant of FMR reduction after CRT. 62) 63) The improvement is suggested to be associated with decreased mechanical dyssynchrony, 57)63) increased closing force, 64) improved mitral valve deformation, 62) and LV reverse remodeling. 65) Mechanical dyssynchrony cor- rected by CRT would have direct impact on FMR and contribute to its improvement by interacting with several other aforementioned factors. Therefore, CRT would be a potential therapeutic option for selected CHF patients with significant FMR when valvular surgery as a current standard treatment carries high risk.
61)66)
Dyssynchrony and Diastolic Heart Failure Diastolic heart failure (DHF), or called heart failure with preserved ejection fraction, is a common condition among CHF population. 67)68) In this condition, echocardiography with Doppler studies currently serves as a major diagnostic tool for the differentiation between DHF and systolic heart failure (SHF). 69)70) Although it carries a significant risk of hospitalization and mortality similar to SHF, our knowledge of DHF is still limited with regard to its pathogenesis, diagnosis and evidence-based management. Hypertension, LV hypertrophy, diabetes and coronary artery disease have been recognized as main risk factors for developing clinically overt DHF, in which LV concentric remodeling, LV segmental wall motion abnormality, LV diastolic dysfunction and LA dilatation are commonly observed indices. Recently, the concept of LV mechanical dyssynchrony has also been extended to the investigation of patients with DHF as an additional factor involved in the pathogenesis. Our early publication demonstrated by TDI that isolated systolic, isolated diastolic, and combined dyssynchrony were observed in 25.0%, 21.7%, and 14.1% of DHF patients, though it was less prevalent than patients with SHF.
13) The study by Wang et al. 12) in their DHF population reported a similar prevalence of systolic dyssynchrony (33%) but a higher prevalence of diastolic dyssynchrony (58%). In patients with acute coronary syndrome accompanied by DHF, diastolic dyssynchrony was evident in 35% of patients and systolic dyssynchrony in 47%, while the prevalence of diastolic dyssynchrony was much higher than those without DHF.
11)
Interestingly, the presence of mechanical dyssynchrony also showed a dynamic change in hypertensive DHF patients, that the prevalence of systolic dyssynchrony increased dramatically during pharmacological stress test from 36% to 85% and diastolic dyssynchrony from 38% to 87%. 71) Although mechanical dyssynchrony is frequently observed in patients with DHF, a number of questions remain unanswered with regard to its contribution to the impairment of cardiac function and clinical manifestation of heart failure, in particular the differences from SHF. A wide QRS complex is very uncommon in DHF patients, therefore, the QRS duration is not a major determinant for the presence of systolic and diastolic dyssynchrony. Unlike patients with SHF, mechanical dyssynchrony in DHF may occur as a result of myocardial disease rather than electromechanical coupling delay. Coexistence but not cause-effect relationship of cardiac dysfunction and mechanical dyssynchrony was described in previous studies, while the correlation between the two facets of LV performance differed among studies.
11-13)71) Therefore, apart from the severity of myocardial dysfunction, dyssynchronous LV relaxation and impairment of ventricular restoring forces may also interfere the LV filling and lead to a diastolic dyssynchrony, 72) or vice versa. Interestingly, medical therapy for DHF, including diuretics, beta-blockers, calcium-channel blockers, angiotensin-converting enzyme inhibitors and/or angiotensin-receptor blockers, was associated with shortening of diastolic intraventricular delay, which in turn correlated with improvement of LV stiffness and reduction of filling pressure.
12) However, it remains to define what extent LV dyssynchrony is involved in the pathophysiologic mechanism of DHF.
Dyssynchrony and Mortality in Heart Failure
The prognostic implication of mechanical dyssynchrony was initially reported by Bader et al. 73) where 104 CHF patients with ejection fraction ≤ 45%, over half of them had wide QRS complexes, were examined by the use of pulsed TDI and followed up for one year. Although no mortality occurred at the end of follow up, 86 patients (83%) were admitted for decompensated CHF. As a result, intraventricular dyssynchrony was found to be most important independent predictor of heart failure hospitalization, and the other two independent predictors included LV ejection fraction and QRS width. In another early study of 106 CHF patients with LV ejection fraction < 35% and QRS duration ≤ 120 ms who were followed up for a mean of 17 ± 11 months, intraventricular dyssynchrony was measured by TDI as the Ts-SD from both basal and middle LV segments in apical 4-and 2-chamber views. A Ts-SD cutoff value of > 37 ms was associated with a significant increase in clinical event of including heart failure hospitalization or cardiac transplantation. 74) The same group recently published their study on 167 CHF patients with a mean follow up of 33 months. Electrical dyssynchrony defined as the QRS duration ≥ 120 ms and mechanical delay as the septal-to-lateral wall delay ≥ 65 ms were investigated for their association with adverse events. 75) In multivariate Cox regression analysis, the septal-to-lateral wall delay [hazard ratio (HR), 2.37; p = 0.002] showed a better predictive value than QRS duration (HR, 1.88; p = 0.028) for cardiac events. Moreover, patients with both electrical and mechanical dyssynchrony had a HR of 3.98 (p < 0.001) when compared with those with normal QRS duration and absence of mechanical dyssynchrony. 75) Recently, the impact of mechanical dyssynchrony on prognosis was explored in a subgroup of CHF patients who had ischemic cardiomyopathy. 76)77) In the Valsartan in Acute Myocardial Infarction (VALIANT) echocardiography study, mechanical dyssynchrony was assessed in 381 patients with ventricular dysfunction or heart failure after myocardial infarction, who were followed up for a median period of 611 days. 76) Con-sequently, LV dyssynchrony was independently associated with increased risk of death or heart failure hospitalization, while QRS width ≥ 120 ms which occurred in about 5% of patients failed to do so. Another study consisted of 215 patients with moderate systolic heart failure undergoing coronary artery bypass graft (CABG) surgery, in which mechanical dyssynchrony was calculated by TDI and myocardial viability by single photon emission computed tomography. 77) Post-CABG dyssynchrony ≥ 72 ms and ≥ 5 viable segments were used to categorize patients into different groups. Patients without post-CABG dyssynchrony and with viable myocardium had the least clinical events compared to those with severe post-CABG dyssynchrony and nonviable myocardium (3% vs. 64%; p < 0.001). In addition, QRS duration did not predict cardiac events during the median follow up period of 359 days.
Importantly, QRS duration was not an independent prognosticator in CHF patients who did not exhibit wide QRS complexes. Therefore, all of these studies have suggested that assessment of mechanical dyssynchrony is helpful to provide important prognostic value on disease outcome on top of QRS duration.
Summary
Mechanical dyssynchrony is common in CHF patients, in particular in those with reduced ejection fraction and prolonged QRS complex. With cumulated knowledge in the advanced imaging techniques and expanded clinical applications of mechanical dyssynchrony, it appears that the assessment of mechanical dyssynchrony has a unique role in heart failure population. Not only being useful in CRT candidates, it can also be used to predict the development and progression of cardiac diseases, and as prognosticators. However, before the measurement of dyssynchrony is contemplated, it is imperative to receive systematic training in order to achieve high quality online image acquisition and knowledge of offline analysis. Furthermore, mechanical dyssynchrony varies with many conditions. Therefore, it is important to understand the right clinical context while applying knowledge of dyssynchrony: wide vs. narrow QRS complex, systolic vs. diastolic heart failure, resting vs. stress echocardiography, cause vs. effect, single vs. multiple contributors, and short-vs. long-term outcome.
